In the present study, the expression of inhibin/activin subunits in the mouse ovary from 13 days post-coitus (dpc) to 30 days postpartum (dpp) was investigated. Circulating FSH, LH, inhibin A, and inhibin B in neonatal to 30 dpp ovaries were measured. Inhibin/activin subunits (α, βA, βB ) were weakly stained in 13 dpc ovarian stromal cells and increased with age. Inhibin α subunit was immunolocalized in follicular granulosa cells at each developmental stage. In 30 dpp ovaries, several large antral follicles were strongly stained for inhibin α subunit. Inhibin βA subunit was weakly immunolocalized in granulosa cells until 20 dpp. Moreover, 2 to 3 antral follicles from 20 to 30 dpp were strongly stained for inhibin βA subunit. There was relatively high immunoactivity for inhibin βB subunit in neonatal to 30 dpp mouse ovaries. All three inhibin subunits were stained in thecainterstitial cells from 15 dpp onward. RIA data showed that a temporal increase in circulating FSH occurred around 10 dpp, while the plasma concentrations of LH were sustained at a relatively higher level from 8 to 15 dpp. Inhibin B was detectable in circulation early at 1 dpp (day of birth), and a clear increase in inhibin B occurred around 8 dpp. Circulating inhibin B gradually increased from 20 dpp to 30 dpp, indicating a negative correlation with FSH. Inhibin A levels were only measured on 25 and 30 dpp, and the levels were low. These results suggest that inhibins play an important role in early folliculogenesis in mice. In addition, inhibin B seems to be the main functional isoform from the neonatal to prepubertal stage in the mouse ovary.
in the fetal ovaries of rats [12] [13] [14] , sheep [15] , cows [16] , mares [17] [18] [19] , rhesus monkeys, and humans [19] . However, little has been reported about the developing expression pattern of the inhibin/ activin subunits during primordial follicular formation and subsequent growth initiation in mice. Furthermore, the distribution and temporal expression of the inhibin/activin subunits and the role of inhibin and activin during the different stages of growth and differentiation of committed follicles has not yet been established. To extend t h i s k n o w l e d g e , w e d e t e r m i n e d t h e immunolocalization of the inhibin/activin subunits in the mouse ovary from 13 days post-coitus (dpc) in gestation to 30 days postpartum (dpp) in this study. In addition, the plasma levels of FSH, LH, inhibin A, and inhibin B were measured from the postnatal to prepubertal stage.
Materials and Methods

Animals
All experiments were conducted with ddY-strain mice (Sankyo Experimental Animal Supply Co., Tokyo, Japan). Ten-week-old female and male mice were housed under controlled temperature and lighting (lights on from 0500 h to 1900 h) and were provided with commercial pellets (MR-Breeder; Nosan Corporation, Yokohama, Japan) and tap water ad libitum. The female mice were individually mated with a single fertile male mouse at 1600 h on the day of proestrus. The following morning was termed 0 dpc if a characteristic copulatory plug was observed after mating. The ddY mice had a pregnancy of 20 days, and the day of birth was defined as 1 dpp. The 13 dpc-30 dpp mice were euthanized by decapitation. Under a dissection microscope, ovarian tissues were separated and resected based on male and female gonad morphological differences, and the ovarian tissues obtained were immediately placed into 4% paraformaldehyde (Sigma Chemical Co., St Louis, M O , U S A ) i n 0 . 0 5 M P B S , p H 7 . 4 , f o r immunohistochemical study. Trunk blood samples of 1, 5, 8, 10, 15, 20, 25 and 30 dpp mice were collected into heparinized centrifuge tubes, and the p l a s m a w a s i m m e d i a t e l y s e p a r a t e d b y centrifugation at 1,800 g for 15 min at 4 C and stored at -20 C until assayed for FSH, LH, inhibin A, and inhibin B. The blood samples were pooled at 1, 5, 8, 10 and 15 days of age (20 mice/pool) and at 20, 25, and 30 days of age (3 mice/pool). Five pooled samples were collected at each point for radioimmunoassy (RIA). The care and use of the animals were in accordance with the requirements established under the Guide for the Care and Use of the Laboratory Animals of the Tokyo University of Agriculture and Technology.
Tissue fixation preparation
The ovarian tissues were dehydrated in a graded series of ethanol and embedded in paraffin wax. The paraffin-embedded tissues were serially sectioned at 4-6 µm thickness and mounted on p o l y -L -l y s i n e c o a t e d g l a s s s l i d e s ( S i g m a Diagnostics Inc., St. Louis, MO, USA).
Localization of inhibin α, β A , and β B subunits in the ovary
The serial sections of ovarian tissues (13 dpc, 15 dpc, and 1, 5, 15, 25, and 30 dpp) were incubated with 10% normal goat serum to reduce background staining caused by the second antibody. The sections were then incubated with primary antibody (1:1,000 or 1:2,000) raised against porcine inhibin α chain (1-30)-NH 2 conjugated to rabbit serum albumin, porcine inhibin/activin β A (81-113)-NH2 (#305-24D) [21] , and cyclic acetyl human inhibin/activin β B (81-113)-NH 2 (#305-25D) [21] for 12 h at room temperature. The inhibin α subunit peptide was kindly provided by Dr. N. Ling (Neuroendocrine Inc., San Diego, CA, USA), and the antibodies of inhibin/activin (β A and β B ) were kindly provided by Dr. W. Vale (Salk Institute for Biological Studies, La Jolla, CA, USA). The sections were then incubated with a second antibody, goat anti-rabbit lgG conjugated with biotin and p e r o x i d a s e w i t h a v i d i n , u s i n g a r a b b i t ExtrAvidin TM staining kit (Sigma), followed by visualizing with 30 mg 3,3-diaminobenzidine (Wako, Osaka, Japan) solution in 150 ml of 0.05 M Tris-HCl buffer, pH 7.6, plus 30 µl H 2 O 2 . Finally, the reacted sections were counterstained with hematoxylin solution (Merck, Tokyo, Japan). The control sections were treated with normal rabbit serum (Sigma) instead of the primary antisera.
Hormone assays for FSH, LH, inhibin A, and inhibin B
The concentrations of plasma FSH and LH were determined by double-antibody radioimmunoassay (RIA) using NIDDK kits for rat FSH and LH. The iodinated preparations were rat FSH I-8 and LH I-8, and the antisera used were anti-rat FSH (S-11) and anti-rat LH (S-9). Results were expressed in terms of NIDDK rat FSH-RP-2 and LH-RP-2. The intraand interassay coefficients of variation were 4.6 and 1 4 . 2 % f o r F S H a n d 6 . 5 a n d 8 . 7 % f o r L H , respectively.
Plasma concentrations of inhibin A and inhibin B were measured using a commercially available ELISA kit (Serotec Ltd., Oxford, UK) developed for human inhibin A and inhibin B [22, 23] . The standard used for the inhibin A and inhibin B assay was a partially immunopurified inhibin standard from human follicular fluid calibrated against recombinant 32 kDa human inhibin A or inhibin B. All samples were measured in a single assay. The intraassay coefficients of variation were 4.4% for inhibin A and 2.2% for inhibin B.
Statistical analysis
All data are expressed as means ± SEM. Statistical analysis was conducted and analysed using 2-way ANOVA. Duncan's multiple-range test was used for detection of significant differences using the SAS computer package [24] .
Results
Immunolocalization of inhibin α, β A , and β B in the ovary
Immunoreactivity for the inhibin α and inhibin/ activin (βA and βB) subunits was present in the mouse ovary from 13 dpc to 30 dpp (Figs. 1, 2 and 3). Inhibin α and the inhibin/activin (β A and β B ) subunits were weakly stained in 13 dpc ovarian stromal cells, and this increased depending on age.
Inhibin α and the inhibin/activin (β A and β B ) subunits were observed in 13 and 15 dpc ovarian stromal cells ( Fig. 1a and b; Fig. 2a and b; Fig. 3a and b), respectively. Inhibin α subunit was immunolocalized in the follicular granulosa cells at each developmental stage until 25 dpp ( Fig. 1c, d , e and f). In the 30 dpp mouse ovary, several large healthy follicles were more clearly stained for inhibin α subunit ( Fig. 1g and h ). While the inhibin β A and β B subunits were also immunolocalized in granulosa cells until 15 dpp for inhibin βA (Fig. 2c, d and e) and β B (Fig. 3c, d , e and f). Subsequently, 2 to 3 healthy follicles were more clearly stained for inhibin β A subunit and inhibin α subunit from 25 to 30 dpp (Fig. 2f , g and h). There was clear immunoactivity for the inhibin β A (Fig. 2e , f, g and h) and β B (Fig. 3e , f and g) subunits in the theca cells from 15 dpp onward. None of the three inhibin subunits were stained in the theca-interstitial cells until 13 dpp (data not shown). No immunostaining was detected in the control sections (30 dpp) in which normal rabbit serum was used instead of the primary antibody ( Fig. 3h ).
Plasma concentrations of LH, FSH, inhibin A and inhibin B
The plasma concentrations of FSH and LH from 1 dpp to 30 dpp are shown in Fig. 3a . The plasma concentrations of FSH remained at low levels until 5 dpp, started to increase on 8 dpp, and abruptly increased around 10 dpp. This was followed by a r a p i d d e c r e a s e o n 1 2 d p p . T h e p l a s m a concentrations of LH were sustained at a relatively high level from 8 to 15 dpp, and the level declined to the basal level on 20 dpp.
The plasma concentrations of inhibin A and inhibin B are shown in Fig. 3b . The plasma concentrations of inhibin B were detectable early on 1 dpp. A clear increase in circulating inhibin B occurred around 8 dpp, and inhibin B gradually increased from 20 to 30 dpp. Inhibin A levels were measured on 25 and 30 dpp due to a limited supply of plasma samples. The levels of inhibin A were low from 25 to 30 dpp.
Discussion
The present study demonstrated that the inhibin α, βA, and βB subunits were present in the mouse ovary from 13 dpc to 30 dpp. In addition, the hormonal data showed that inhibin B was detectable in circulation early on 1 dpp, and a small increase in inhibin B occurred around 8 dpp. Plasma concentrations of inhibin A were detectable b u t l o w o n 2 5 a n d 3 0 d p p . T h e p l a s m a concentrations of FSH increased around 10 dpp, while LH was sustained at a relatively high level from 8 to 15 dpp. These results suggest that inhibin/activin have a roles in regulating folliculogenesis through possible paracrine and/or autocrine interactions and that inhibin B seems to be the main functional isoform from the neonatal to prepubertal stage in the mouse ovary.
Identification of the sites of expression and production of inhibin subunit messenger RNA and protein is critical to understanding the biology of inhibins [25] . Inhibin and activin had been implicated as autocrine and paracrine regulators of ovarian folliculogenesis [26] . In the present study, the distribution and temporal changes of the inhibin α, βA and βB subunits were observed in the fetal ovarian stromal cells of the mouse to increase depending on age, suggesting that stromal cells may produce all three inhibin subunits. The present findings also strongly suggest that the inhibin/activin subunits play a critical role during primordial follicular formation and subsequent growth initiation from fetal stages in the mouse.
Supporting the present findings, previous studies have shown that some growth factors belonging to TGF families, such as TGF-β1, TGF-β2, and inhibin/activin subunit mRNA and protein, have been determined in the fetal ovarian tissues of rats and humans [12] [13] [14] 27] . Inhibin α and inhibin β B subunit mRNA has been measured in the 14 dpc ovarian tissue of rats [12, 13] , activin receptor (ActR) B and B mRNA were present in the 15 dpc ovaries of rats [14] , and the inhibin β A subunit was expressed in rat ovarian tissues before and after birth [12] [13] [14] . Moreover, messenger RNA analysis and the protein expression of TGF-beta isoforms and their receptors have been observed in human fetal ovaries at 11-24 weeks of gestational age [27] . These findings suggest that inhibin and activin may be produced in the gonads and may possibly play a physiological role in embryonic tissue during late pregnancy.
On the day of birth, the ovaries of mice contained mRNA encoding all three inhibin subunits [28] . At this stage, the mouse ovary contains only primordial follicles and stromal tissue [29] , suggesting that primordial follicles may produce all three inhibin mRNA transcripts [28] . After birth, folliculogenesis in the mouse involves the developmental progression from primordial follicles to a cohort of small antral follicles (before first ovulation). The capacity of the ovary to produce dimeric inhibin A, inhibin B, and inhibin α subunit, in general, increases with age and follicular development [30] . In rats, all inhibin forms were detected in basal cultures of dispersed ovarian cells, indicating that even the smallest follicles, most likely primary follicles, are capable of producing inhibins [30] . Also, all forms of immunoactive inhibin (inhibin A, inhibin B, and inhibin α) were detected in medium conditioned by postnatal ovarian cells and granulosa cells prepared from diethylstiboestrol-treated rats [30] . These results are consistent with the present results showing that expression of the protein for the inhibin α, βA and βB subunits was detected in the mouse ovary during postnatal development.
In the present study, inhibin α-subunit was immunolocalized in follicular granulosa cells at each developmental stage, while inhibin β A subunit was immunolocalized in granulosa cells until 20 d p p . O n t h e o t h e r h a n d , t h e r e w a s c l e a r immunoactivity for inhibin β B subunit in the neonatal mouse ovary. These results suggest that the inhibin/activin subunits may play differentially regulated roles during ovarian development in newborn mice. As initially reported, inhibin α subunit localization in the ovary of normal mice shows that the α-subunit is produced by granulosa cells of all follicle types (including primordial follicles) and by interstitial tissue [28] . A low level of constitutive expression of inhibin β A subunit as the follicle develops has been shown from the primordial stage to the secondary stage, and as the secondary follicle matures toward the antral stage, there is a gonadotropin-dependent rise in the levels of β A subunit mRNA transcripts [28] . Inhibin β B subunit mRNA was present in the mouse ovary at all ages up to 15 days [28] . Previous in situ studies have also shown that inhibin β B subunit mRNA is present in the secondary follicles of rats [9, 31] . Studies of human plasma and follicular fluid indicate that inhibin B is likely the predominant form in the early follicular phase of the menstrual cycle when small antral follicles are recruited. Inhibin B levels subside during the late follicular phase as inhibin A levels rise with the appearance of the dominant follicle and peak after ovulation [23] . In rats, the profile of dimeric inhibin production by rat granulosa cells changes during folliculogenesis, and inhibin A is the form produced by the differentiated ovary [27] . Therefore, the hypothesis that the inhibin/activin subunits play important and changing autocrine/ paracrine roles in the growth and differentiation of follicles, including the oocyte, is also supported by the present study. Interstitial tissue does not develop in the mouse until day 11 [32] . In the present study, none of the inhibin/activin subunits were stained in the thecainterstutial cells until 13 dpp, and this further suggests an autocrine/paracrine function for inhibin/activin in ovarian follicular development and maturation. The results in regard to the immunohistochemical evidence are in agreement with previous studies that suggest inhibin plays local regulatory roles in the ovary since it has been shown to directly modulate thecal cell androgen synthesis [33] and estrogen production [5] . Furthermore, it has been postulated to promote follicular growth [2] . In addition, it was also interesting to show that, in 25 to 30 day old mouse ovaries (before first ovulation), several large antral follicles were strongly stained for inhibin α and the inhibin/activin (β A and β B ) subunits. As previous studies have shown that activin has a synergistic role with FSH in inducing antrum formation in vitro [34] , it has been postulated that activin might play an important paracrine role in follicular antrum formation [34] . With the progression of follicular development, inhibin subunits, especially the β A and β B subunits, are prominently localized in preovulatory follicles. It has been shown that growing preovulatory ovarian follicles are the main source of secretion of inhibin into the circulation of immature mice [35] . In the present study, there was a negative correlation between circulating FSH and inhibin B after 10 dpp. These results indicate that inhibin may play an important role in the regulation of FSH secretion during the developing stage. A similar observation, that inhibin is secreted mainly by the granulosa cells of one or two healthy large follicles in the ovary, has been made in the guinea pig [36] .
FSH and LH, major regulators of mammalian gonadal function, are regulated by hypothalamic gonadotropin-releasing hormone (GnRH). In the present study, RIA data showed that a temporal increase in circulating FSH occurred around 10 dpp, while the serum concentrations of LH were sustained at a relatively high level from 8 to 15 dpp. Previous observations of normal mice indicated that GnRH levels increase and reach a peak between 5 and 10 days after birth and then reduced rapidly [37] . Therefore, the present results suggested that GnRH secretion increased and d i r e c t l y c a u s e d a r i s e i n t h e p o s t n a t a l gonadotropins level. In general, endogenous FSH may stimulate follicular maturation and hence the synthesis of inhibin subunits by granulosa cells. W i t h i n c r e a s i n g f o l l i c l e s i z e , i n h i b i n immunoreactivity increases, with maximal activity present in preovulatory follicles. It has been suggested that there is a significant correlation between immunoreactive inhibin levels and follicular developmental stages [36] . The ELISA data here showed that inhibin B was detectable early in the 1 dpp mouse and was distinguishable from inhibin A, a clear increase in inhibin B occurred around 8 dpp, and low levels of circulating inhibin A were detected with the progression of follicular development from 25 to 30 dpp. These results suggested that inhibin A and B were differentially regulated during early folliculogenesis in the mouse. In rats, both inhibin A and inhibin B are produced by day-4 postnatal ovaries containing only primordial and primary follicles, but inhibin A production increases relative to that of inhibin B [30] . In mouse and rat models, dimeric inhibin A and inhibin B are produced by postnatal ovarian cells and granulosa cells in culture [6] . Similar levels of inhibin A and inhibin B are produced by postnatal ovarian cells, but thereafter as the ovary develops, inhibin A becomes the predominant form [6] . Taken together, the present evidence suggests that the production of inhibin A and inhibin B is individually regulated during the early developmental stages, and inhibin B seems to be the main functional isoform of inhibin from the neonatal to prepubertal stage in the mouse.
